Pd nanoparticles exhibiting permanent magnetism at room temperature have been prepared within the apoferritin cavity. Pd nanoparticles in air and under an inert atmosphere were synthesized to study the influence of the aerobic and anaerobic conditions in the final magnetic properties. The surface of nanoparticles as well as the type of crystalline phase could determine the magnetic properties. X-ray powder diffraction, including Debye-function analysis, transmission electronic microscopy, and magnetization measurements have been used for characterizing the nanoparticles.
S Online supplementary data available from stacks.iop.org/Nano/21/274017/mmedia Metallic nanoparticles (NPs) remain the focus of numerous studies because of their size-dependent electronic, optical, catalytic, and magnetic properties. With the decrease in size of NPs two additional effects come into play: (1) a quantum confinement of the electrons, when the size of a NP decreases to values comparable to the wavelength of an electron at the Fermi level and (2) an increase in the fraction of surface atoms relative to the total number of atoms in a NP. Whereas quantum confinement leads to readjustment of electronic states, the surface atoms with reduced symmetry, unquenched bonds, and exposure to the outside world play a crucial role in the energy minimization and, consequently, in the stabilization of the system [1] . These two factors are, among others, invoked as being responsible for the emergence of permanent magnetism in Pd NPs and thin films [2, 3] .
The onset of ferromagnetism in usually non-magnetic materials like Pd and late 4d transition metals is attracting great attention from both theoretical and experimental points of view. Pd is a very particular case as it lies close to a ferromagnetic instability. Bulk Pd only shows enhanced Pauli paramagnetism, but not ferromagnetism because its high density of states at the Fermi level is not large enough to fulfil the Stoner criterion for ferromagnetism [4] . In order to observe ferromagnetism the density of states at the Fermi level has to be increased. In the last decade Pd nanostructures (ultrathin films or NPs) have been reported to show ferromagnetism [5] .
In 1997, Taniyama et al found experimental evidence for a magnetic moment in gas-evaporated Pd NPs with average radius below 7 nm [6] . A more complete study was carried out by these authors in 2003 in which surface ferromagnetism was experimentally observed and attributed to the (100) facets of the particle [7] . The Curie temperature of these NPs was higher than 400 K. Hernando et al found hysteresis loops at room temperature for alkylammonium protected [8] and thiol capped [9] Pd NPs in the size range between 1.2 and 2.4 nm. The origin of this magnetic behaviour was explained on the basis of two different mechanisms: (i) when the NP is a pure metallic Pd cluster without covalent Pd-S bonds at the surface or without an oxide passivation layer, ferromagnetism occurs, which can be attributed to the increase in the density of states near the Fermi level; (ii) when a depletion shell structure is formed, with Pd-S or Pd-O chemical bonds at the surface, a highly anisotropic permanent magnetism in the sample appears as a result of the increase of the 4d density of holes at the Pd site [10] . In a recent paper it has been suggested that magnetization increases with decreasing particle size, indicating the important role played by the surface Pd atoms [11] . In previous works we have observed room temperature ferromagnetism in subnanometric Pd nanoparticles having an oxide passivation layer as well as in nanometric Pd NPs encapsulated within the apoferritin cavity [12] . In this last case the magnetic behaviour of Pd NPs containing about 500 atoms (2.4 nm) suggested a coexistence of blocked ferromagnetic entities with superparamagnetic particles and paramagnetic atoms.
According to these properties we proposed that the Pd NPs were surrounded by a small Pd oxide shell. We proposed that the origin of the permanent magnetism comes primarily from the surface Pd atoms located at the surface next to the PdO shell. Taking into account the novelty and controversial nature of Pd NPs' magnetic behaviour reported so far, we have used this method to prepare water-soluble Pd NPs controlling the oxidation at the surface of the Pd core. The structural and magnetic results obtained in these systems are reported in this work.
Experimental details
Apoferritin (Sigma-Aldrich, 5 mg ml −1 ) was incubated with 500 equivalents of K 2 PdCl 4 for 1 h at room temperature and then NaBH 4 (20 equivalents) was added. The resulting black solution was exhaustively dialyzed against water at 4
• C, chromatographed (Sephadex G-25), and the apoferritincontaining fractions were isolated. The reaction was carried out in air, herein called the Pd(O 2 ) sample. The black solution thus obtained was diluted in a freshly prepared solution of apoferritin (5 mg ml −1 ) previous to being submitted to lyophilization. The same chemical reaction was carried out under inert gas flow and the resulting Pd-argon sample will be named herein Pd(Ar). The samples used for the transmission electron microscopy (TEM) study were prepared by diluting the dialyzed solutions of Pd-apoferritin with milli-Q water and then placing a drop onto a carbon-coated Cu grid and drying it in a glove box. The average particle sizes and the standard deviations were estimated from TEM image analysis of 100 particles. Electron micrographs were taken with a Philips CM-20 HR analytical electron microscope operating at 200 keV. Heat treatment of the NP powders was carried out for both samples, Pd(O 2 ) and Pd(Ar), under N 2 atmosphere at 500
• C for 2 h in a quartz tube. Magnetic susceptibility measurements were performed on evaporated samples using a magnetometer (Quantum Design MPMS-XL-5) equipped with a SQUID sensor. The as-prepared and annealed samples were characterized by x-ray powder diffraction (XRD). Experimental data were collected using a Bruker D8 ADVANCE diffractometer (in Bragg-Brentano θ :θ geometry) with Ni-filtered Cu Kα radiation, a Lynxeye position sensitive detector, and a quartz monocrystal as zerobackground plate, with scan range 5
• < 2θ < 85
• and scan rate 0.05
• 2θ min −1 .
Results and discussion
Apoferritin acts as a nanoreactor for the preparation of metallic NPs [13] . In order to gain an insight into the role of synthesis conditions in the magnetic properties, we have prepared two kinds of apoferritin-Pd NPs: (1) Pd NPs prepared in an oxygen atmosphere, Pd(O 2 ), and submitted to dilution in empty apoferritin solution to improve insulation of NPs and (2) Pd NPs prepared in argon atmosphere, Pd(Ar). The 500
• C heated counterpart samples, Pd(O 2 /500) and Pd(Ar/500), are also structurally characterized and magnetically studied. Typical TEM images for these samples are shown in figure 1 .
Discrete electron-dense cores, which are spherical in shape, are clearly observed.
The mean diameter was statistically measured to be 2.4 ± 0.19 nm for the Pd(O 2 ) (figure 1(a)) sample and 2.5 ± 0.19 nm (figure 1(b)) for the Pd(Ar) sample; the latter are only slightly higher than the average value determined by diffraction methods (vide infra); this small discrepancy may, however, be explained by the intrinsic resolution of the instrument used (not high resolution TEM (HRTEM)) and by the known fact that XRD measures coherent domains, necessarily smaller than, or equal in size to, individual grains. In the case of samples Pd(O 2 /500) (figure 1(c)) and Pd(Ar/500) (not shown) the NPs form aggregates of different sizes. TEM images of the Pd(O 2 ) sample negatively stained with uranyl acetate (to visualize the protein shell) confirmed that the particles were actually produced within the apoferritin interior ( figure 1(d) ). Energy dispersive spectroscopy (EDS) confirmed that all samples contained Pd ( figure 1(e) ). The presence of the apoferritin coat prevents irreversible aggregation of the metal particles and their subsequent precipitation.
The XRD patterns of the as-synthesized Pd(O 2 ) and Pd(Ar) NPs are shown in figure 2. They appear quite different: while the diffraction trace of the material prepared in air is almost featureless (indicating that the metal, or metal-oxide, NPs are essentially amorphous), the broad peak centred around 2θ = 40
• suggests the presence, in Pd(Ar), of very small Pd nanocrystals. As expected, a set of broad low-angle peaks (2θ = 11
• and 20
• ) attributable to the apoferritin shell is also noticeable, but, due to their angular location, they have been eliminated from the structural analysis later reported.
Upon heating, at 500
• C, both samples show sintering, or coalescence, of Pd NPs, although to a different extent (see table 1 ); in addition, a partial oxidation to PdO (tetragonal phase) [14] is observed upon treatment in air only.
However, it should be mentioned here that a couple of weak and broad peaks, falling near 24
• -26
• 2θ are observed in the Pd(O 2 /500) sample, still lacking a structural or analytical identification. These contaminants might be attributed to complex, still unknown, PdX n phases, X being N and O (from air), or even C (from decomposition of apoferritin), or a mixture thereof.
The complete structural and microstructural analysis was performed by matching two different modelling approaches: the more conventional fundamental parameters approach (FPA [15] ) and the total-scattering Debye-function-based method (DF [16] 6 ). FPA allowed the estimation of the instrumental peak broadening (about 0.07
• , thus not affecting the microstructural analysis) and of average particle sizes in Rietveld-like refinements. Structure types, (including noncrystallographic ones), size distributions and shapes of the NPs were determined by the DF approach [17] . To do this, atomistic shell cluster models for Pd (fcc, and multiple twinned icosahedra and decahedra), as well as tetragonal PdO were employed 7 . Table 1 contains the most relevant structural features derived from the combined analyses. An example of the fitting results obtained by this approach is shown, for the Pd(Ar) sample, in figure 3 . A similar procedure was applied to the Pd(Ar/500) sample and to the Pd(O 2 /500) material (fits not shown here), but could not be applied to the Pd(O 2 ) one, as it showed a featureless XRD trace.
Briefly, when the Pd NPs are prepared under inert atmosphere at room temperature (Pd(Ar) sample), icosahedral and a small fraction of decahedral structures are detected (about 1.7 nm in diameter), while heating at 500
• C promotes the formation of fcc (cuboctahedral) clusters (Pd(Ar/500) sample). Amorphous Pd, obtained in air at room temperature (the Pd(O 2 ) sample), transforms upon heating into a mixture of PdO and (mainly) fcc Pd, the latter showing a bimodal size distribution with quite different average diameters (see table 1) leading to hyper-Lorentzian peak shapes [18] . A similar effect was also observed for catalytically active Pt nanocrystals [19] . Interestingly, coexistence of the four structural types (including amorphous material) has been observed for Pd clusters prepared by colloidal methods [20] .
Magnetic measurements have been carried out using a Quantum Design SQUID magnetometer. The diamagnetism from the holder was corrected by measuring the empty holder at the same conditions (magnetic field and temperature) used for the measurement of the Pd NPs. After removing this contribution, the obtained magnetization values arise directly from the Pd. Figure 4 shows the magnetization (M) versus field (H ) curves at different temperatures for the four different samples. The large coercivity (H c ) and saturation magnetization (M s ) values measured are evidence of permanent magnetism in all the cases. As we have previously reported [12] , a clear ferromagnetic behaviour is observed.
For the samples synthesized at room temperature hysteresis loops are observed in the range of 2-300 K. The coercivity values are of the same order: 70 Oe and 100 Oe at 2 K and 70 Oe and 90 Oe at 300 K for Pd(O 2 ) and Pd(Ar), respectively (table 2) [10] [11] [12] [13] . The magnetization versus H curves above 100 K show a sharp increase at low fields and a tendency to saturation at high fields. In this range these curves do not appreciably change with temperature (SI available at stacks.iop.org/Nano/21/274017/mmedia). At low temperatures (below 100 K) the magnetization of the Pd(O 2 ) sample is far from saturation and the curves show a significant temperature dependence, while that of Pd(Ar) shows a clear tendency to saturation (figures 4(b) and (c)).
The M s values and coercive fields for the Pd(Ar) sample, between 50 and 300 K, are close to those observed for other Pd NPs of similar size reported in the literature (see table 2 [10] [11] [12] 21] ). For instance, 2.4 nm tetraalkylammonium protected Pd NPs prepared by Hernando et al [10] present M s values around 0.04 emu g −1 at room temperature which are close to those obtained in our samples. XRD data of the Pd(Ar) sample (see below) indicate that the Pd core is composed of multiple twinned icosahedra and decahedra. The Pd(Ar) samples are poorly crystalline and have icosahedral and decahedral structures. These structures with reduced symmetry could be at the origin of the permanent magnetism observed. It has been predicted theoretically that icosahedral structure instead of the typical bulk fcc symmetry could be at the origin of the ferromagnetism in Pd NPs [8] . Under noncubic local field symmetry the d atomic level does not split into two, e g and t 2g , sublevels giving rise to a drastic narrowing of the 4d band, sufficient for the Stoner criterion to hold. XRD data of the Pd(Ar) sample seem to confirm this point.
The strong increase of M s at 2 K in this Pd(Ar) sample is not consistent with the magnetic behaviour of Pd NPs reported in the literature in which a depletion PdO shell is not present. A possible explanation for this low-temperature behaviour is the coexistence of blocked ferromagnetic entities, responsible for the permanent magnetism at higher temperatures, with presumably superparamagnetic and paramagnetic contributions, responsible for the increase of M s at lower temperatures. This minor contribution may arise from Pd NPs having lower blocking temperatures and from the presence of residual paramagnetic centres (paramagnetic impurities, some Pd moments coming from the core of the NP). The lower crystallinity of these samples compared to other Pd NPs described in the literature, their polydispersity, or the coexistence of different Pd structure types could be responsible for this effect.
The magnetic behaviour of the sample prepared under air Pd(O 2 ) at room temperature cannot be correlated with the XRD data as it is amorphous. It is possible to study the effect of the presence of air on the magnetic properties during the synthesis. The main difference with respect to the Pd(Ar) sample is observed in the low-temperature magnetization measurements. M s at 2 K of both samples increase two orders of magnitude with respect to the measurements at room temperature but this increase is more important for the Pd(O 2 ) samples which presents a M s six times higher than that of Pd(Ar). Furthermore, magnetization of Pd(O 2 ) at 2 and 50 K does not saturate at 5 T while that of Pd(Ar) shows a clearer tendency to saturation. These differences indicate that the paramagnetic and superparamagnetic contributions are more important in the sample prepared under air and this could be attributed to the partial oxidation of the Pd NPs prepared under air. When a depletion shell structure is promoted, the atoms depleting the NP (S or O) are able to increase the 4d density of holes at the Pd site and to localize a magnetic moment, leading to a permanent magnetism in the sample [10] . This phenomenon is observed only at low temperatures when the depletion shell is formed by PdO. Anyway, the lack of crystallinity of Pd(O 2 ) samples does not allow us to prove this hypothesis.
For the heated samples, either under an air or Ar atmosphere, the magnetic behaviour is different as compared with the non-heated ones. In both cases, a hysteresis loop of magnetization is observed with a coercive field of 70 and 100 Oe at 2 K for Pd(O 2 /500) and Pd(Ar/500), which vanishes at 100 and 200 K respectively (see supporting information available at stacks.iop.org/Nano/21/ 274017/mmedia), suggesting that the blocking temperature of these samples is below room temperature. XRD and TEM data showed that heating at 500
• C causes a sintering process of the NPs that increases their size. This could be the explanation of the decrease of the blocking temperature. Hyeon et al have reported, recently, trioctylphosphine-Pd NPs varying from 2 to 10 nm [11] , where ferromagnetism grows stronger with reducing particle size, indicating the important role played by the surface Pd atoms. These authors also prepared Pd aggregates of 100 nm displaying unsaturated magnetization and negligible coercivity. In our case, the heated treatment did not produce NPs or aggregates large enough to result in the loss of permanent magnetism, but in a decrease of the blocking temperature. Indeed the maximum size of these aggregates observed by TEM is 20 nm for Pd(Ar/500) and 50 nm for Pd(O 2 /500). The lower blocking temperature of the Pd(O 2 /500) sample could be related to their larger size compared with the Pd(Ar/500) sample.
On the other hand, for the samples synthesized under argon atmosphere, the M s value of Pd(Ar/500) NPs at 300 K (0.06 emu g −1 ) is higher than that of the Pd(Ar) NPs (0.02 emu g −1 ). Keeping in mind that the Pd(Ar/500) NPs' sizes are higher than Pd(Ar) ones, this increase of M s with the nanoparticle size contrasts with that observed in the literature [11] . We have to take into account, however, that the composition of the NPs changes after the heating process. Therefore, the increase of M s could be related to the structural changes undergone after calcination (presence of fcc clusters, enhanced crystallinity). This effect is not observed in the Pd(O 2 /500) sample that presents a more marked size increase after heating. Furthermore, the presence of air also induces higher M s at low temperatures and a lower tendency to saturation, as observed in the samples prepared at room temperature. This effect can be related to the presence of a depletion shell of PdO which is detected by XRD.
Conclusions
We have prepared Pd NPs in air and argon atmospheres, encapsulated within the apoferritin cavity, that show permanent magnetism up to room temperature. The magnetic behaviour of these NPs has been correlated with the XRD analysis. An important point to remark in all these samples is the large coercivity and saturated magnetization values comparable with the reported ones so far, which provide an additional support for the permanent magnetism of these Pd NPs. For samples prepared under Ar atmosphere, the presence of icosahedral and decahedral Pd phases could be responsible for the magnetic properties. This is in agreement with theoretical calculations that predict an increase of the density of states near the Fermi level under noncubic local field symmetry sufficient for the Stoner criterion to hold. For the Pd NPs synthesized under air atmosphere, the magnetic properties at low temperatures could be dominated by the surface Pd atoms located next to the PdO shell, which induce the permanent magnetism observed. The Pd-apoferritin system constitutes one of the few examples reported in the literature presenting such interesting magnetic behaviour for Pd NPs.
